The Ustilago maydis-maize pathosystem has emerged as the current model for plant pathogenic basidiomycetes and as one of the few models for a true biotrophic interaction that persists throughout fungal development inside the host plant. This is based on the highly advanced genetic system for both the pathogen and its host, the ability to propagate U. maydis in axenic culture, and its unique capacity to induce prominent disease symptoms (tumors) on all aerial parts of maize within less than a week. The corn smut pathogen, though economically not threatening, will continue to serve as a model for related obligate biotrophic fungi such as the rusts, but also for closely related smut species that induce symptoms only in the flower organs of their hosts. In this review we describe the most prominent features of the U. maydis-maize pathosystem as well as genes and pathways most relevant to disease. We highlight recent developments that place this system at the forefront of understanding the function of secreted effectors in eukaryotic pathogens and describe the expected spin-offs for closely related species exploiting comparative genomics approaches. 
INTRODUCTION
Hemibasidiomycete smut fungi comprise more than 1500 species, and among them are plant pathogens of considerable economic importance. Most smuts have a narrow host range and are specialized on members of the Poaceae (grasses) that include valuable crop species such as maize, sorghum, sugar cane, wheat, and barley. A recent investigation involving five smut species indicates that contemporary smut taxa diverged millions of years ago, i.e., before the time of domestication and modern agriculture, presumably through coevolution within natural populations of the ancestors of our current crop plants (86) .
In all smut fungi, pathogenic development is coupled to sexual development. Haploid cells of opposite mating type have to fuse and generate a dikaryotic form that is then able to invade the host plant either through natural openings or directly. Most smut fungi infect plants during the seedling stage and then continue growth within meristematic tissue during plant development. Usually, this phase is systemic, and symptom development is restricted to the female and/or male inflorescences of the host. In the flowers, massive fungal proliferation and spore formation occurs. As a consequence, seeds are replaced by smut sori consisting of masses of black teliospores (74) . Teliospores represent the resting stage that can survive harsh environments for long periods. Under appropriate conditions teliospores germinate, undergo meiosis, and produce haploid progeny. Ustilago maydis, in contrast to the other smut fungi, produces prominent symptoms on all aerial parts of its host plant, maize. In practice, maize seedlings can be infected at the three-leaf stage, and about one week later the symptoms, in this case tumor formation, can be scored.
U. maydis represents a fully developed genetic system that is amenable to highly efficient reverse genetics and cell biological approaches (11, 58, 98) . The first steps toward understanding the disease were undertaken by the characterization of the mating type loci (1) , which enabled the design of solopathogenic haploid strains that cause disease without the need for a mating partner. Such strains allowed unbiased approaches to analyze pathogenicity (9, 92) . In 2006 a new era began with the publication of the 20.5 Mb U. maydis genome sequence (59) . The genome is highly compact and codes for approximately 6900 protein encoding genes. The majority of these genes lack introns, and the genome is largely devoid of repetitive DNA (59) . More than 99% of the sequence is represented in 24 large scaffolds that correspond to the 23 chromosomes. Access to the manually annotated genome sequence (http:// www.broad.mit.edu/annotation/genome/ ustilago maydis/Home.html and http:// mips.gsf.de/genre/proj/ustilago/) allowed detection of a large set of novel genes that have crucial roles during pathogenesis. Many of these novel genes code for secreted proteins, so-called effectors (59) . Effectors have so far mostly been studied in prokaryotic pathogens, where they have been shown to be translocated to plant cells and interfere with a variety of defense responses (43) . Discovery of a large repertoire of effectors in oomycete plant pathogens has led to the definition of two effector classes: those that function in the apoplast and those that are taken up by plant cells via a conserved motif (RXLR) (57, 103) . Effectors secreted by fungi including U. maydis lack such a common motif (34) . In the U. maydis genome, effector genes were detected by serendipity through their organization in clusters that are upregulated during plant colonization (59) .
In this review, we will focus on aspects that relate to pathogenic development of U. maydis. This includes morphological transitions, signaling networks, nutrition in the host environment, plant defense responses, and secreted effectors. A section on comparative genomics and what we can expect from such approaches is included, as well as an outlook on questions that might be addressed in the near future. For all other aspects of U. maydis biology the reader is referred to a number of recent comprehensive reviews (1, 56, 64, 87, 97, 98) and to a special issue of Fungal Genetics and Biology (46) that highlights several distinct features of the genome.
THE DISEASE CYCLE
The haploid yeast-like form of U. maydis can be propagated on artificial media. However, this form is unable to cause disease. The infectious form is generated when two compatible haploid strains fuse and generate a dikaryotic filament. This process is controlled by a tetrapolar mating system that is specified by the biallelic a locus and the multiallelic b locus (1, 56) . Strains that differ in a and b can fuse and form dikaryotic hyphae. On agar plates containing activated charcoal, such dikaryotic filaments extend into the air and profusely cover the colonies, resulting in a white, fuzzy appearance (2) . The a locus encodes a pheromone and receptor system that allows haploid cells of the opposite a mating type to sense each other and to fuse. The fate of the resulting dikaryon depends on the b locus, which codes for a pair of homeodomain transcription factors, termed bE and bW. bE and bW proteins dimerize when derived from different alleles, and the heterodimeric bE/bW complex triggers filamentation as well as sexual and pathogenic development (1) . The filamentous dikaryon of U. maydis establishes a biotrophic interaction that persists throughout the disease cycle (Figure 1) .
The dikaryotic hyphae show tip-directed growth, and the cytoplasm accumulates in the tip cell compartment, whereas older parts of the hyphae become vacuolated and are sealed off by regularly spaced septa. Often, these empty sections collapse. On the plant surface, hyphae stop polar growth in response to an as yet unidentified signal, and their tips swell to form poorly differentiated, nonmelanized appressoria (Figure 1a) . These develop infection hyphae (Figure 1b) that directly penetrate into the plant tissue, presumably aided by lytic enzymes. The plasma membrane of the plant cell invaginates and tightly surrounds the intracellular hyphae. This creates a special biotrophic interface, an interaction zone in which fungal secretion leads to an accumulation of deposits that make up a vesicular matrix along the contact area (7; Figure 1c) .
U. maydis does not form specialized feeding structures (haustoria) suggesting that signal exchange and nutrient uptake have to occur via the biotrophic interface. During early in planta development, the fungus grows intracellular, and cell-to-cell passages into deeper layers of the infected tissue are observed. The formation of empty sections ceases, and mitotic divisions take place, concomitant with the development of clamp-like structures that allow the correct sorting of nuclei (91) and branching. After these early stages the fungus is found preferentially in and near the vasculature (Figure 1d ). Five to six days after infection massive fungal proliferation, presumably of the diploid form, is observed in tumor tissue, and this occurs intracellularly and extracellularly in apoplastic cavities where large fungal aggregates form (27; Figure 1e ). In these aggregates hyphae are embedded in a mucilaginous matrix that could have a protective role. Proliferation is followed by sporogenesis where hyphal sections fragment, round up, and differentiate into heavily melanized diploid teliospores (3, 94, 95) . The spores are released when the tumors dry up and rupture. Under favorable conditions these spores germinate, the diploid nucleus undergoes meiosis, and budding off from a promycelium, haploid cells are again produced. So far it has not been possible to reconstitute this cycle in vitro, indicating that many of its steps require stage-specific signals from the host.
Mating and Pathogenic Development Require cAMP and MAPK Signaling
During mating the lipopeptide pheromone is perceived, and the signal is transmitted by two conserved signaling cascades: a cAMPdependent protein kinase A (PKA) pathway and a mitogen-activated protein kinase (MAPK) module that have been comprehensively reviewed recently (40, 64, 87) . Components of these pathways with crucial roles during mating and their epistatic relationships are depicted in Figure 2a . After pheromone-induced activation both signaling pathways converge on the key transcription factor Prf1, which in turn induces transcription of a large set of genes including the a and b mating-type genes (112) and is thus essential for mating. To induce expression of the a genes, mfa and pra, Prf1 needs to be phosphorylated by the PKA Adr1, whereas induction of the b genes requires Prf1 phosphorylation by Adr1 and the MAPK Kpp2 (55, 85) . In addition, prf1 transcription is controlled by the two MAPKs Kpp2 and Crk1 (41, 85) through a complex interplay of at least four downstream transcription factors that bind to discrete elements in the prf1 promoter: Prf1 itself, Rop1, Hap2, and an as yet unidentified factor downstream of Crk1 acting via an upstream activation sequence (15, 41, 48, 78, 105) . Except for the recently identified dual-specificity phosphatase Rok1 that downregulates mating ( Characterized components of the cAMP pathway are the α and β subunits of a heterotrimeric G-protein, Gpa3 and Bpp1, respectively; the small G-protein Ras1; the adenylate cyclase Uac1; the inhibitory and catalytic subunits of PKA Ubc1 and Adr1, respectively; and the putative regulatory protein Hgl1. Hg1 is predicted to become inactive upon phosphorylation by Adr1, and this is indicated by brackets. Gpa3, Bpp1, and Ras1 all activate the adenylate cyclase Uac1. Components of the MAPK pathway are the small G-protein Ras2; the putative CDC25-like guanyl nucleotide exchange factor for Ras2, Sql2; and the Ste50p-like adaptor protein Ubc2. The N terminus of Ubc2 is essential for mating but dispensable for pathogenic development, whereas the C terminus is essential for pathogenic development but plays no role in mating. The core MAPK module consists of the hierarchical kinases Kpp4 (Ubc4, MAPKKK), Fuz7 (Ubc5, MAPKK), and Kpp2 (Ubc3, MAPK) and the two alternative MAPKs, Crk1 and Kpp6. Downstream the transcriptional regulators Rop1 and Hap2, a postulated Crk1-induced factor, and the central regulator Prf1 (blue) bind to four distinct elements in the prf1 promoter (indicated by different shapes and colors). Phosphorylated Prf1 induces expression of the a and b mating type genes. After cell fusion the bE/bW heterodimer is formed that is the key regulator of pathogenic development. (1, 12, 15, 23, 29, 40, 41, 44, 47, 48, 55, 63, 64, 66, 68, 76, 78, 79, 83, 84, 85, 105, 112) .
components shown in Figure 2a are required for efficient cell fusion in axenic culture. The analysis of mutants in solopathogenic strains has revealed that most components required for pheromone signaling play additional roles during pathogenesis, indicating that the core constituents of the cAMP and MAPK pathways transmit signals from the plant environment in addition to pheromone. However, some additional components are required only for pathogenesis, whereas others are dispensable (Figure 2a,b) . Interestingly, the resulting signaling outputs during pathogenic development are fundamentally different from the responses during mating. We attribute the prime differences in signaling output between haploid strains (Figure 2a) and dikaryotic (or solopathogenic) strains to the absence and presence of an active bE/bW heterodimer, respectively (Figure 2 ) (see following section for details). Support for this scenario is provided by the putative adaptor protein Ubc2, where it has been demonstrated that the N-terminal domain is required for mating, whereas the basidiomycete-specific C terminus is essential for pathogenic development but plays no role in mating (Figure 2; 63, 76 ). This could indicate that the distinct Ubc2 domains mediate the assembly of specific MAPK-signaling complexes that differ during mating and pathogenic development. On the plant surface the transcription factor Rop1 and the β subunit bpp1 of the heterotrimeric G-protein are dispensable, although both are needed for cell fusion in axenic culture (15, 84) . It has been speculated that the role of Rop1 is taken over by a yet unknown regulator supposedly involved in sensing plant surface cues and acting via the upstreamactivating sequence (UAS) in the prf1 promoter (15, 48) . Bpp1 might be replaced by an unconventional Gβ subunit (Figure 2b ). Signaling components that are required for pathogenesis but not for mating are the Kpp2-related MAPK Kpp6, Sql2, a Cdc25-like guanyl nucleotide exchange factor predicted to control activity of the small G-protein Ras2, and the putative regulatory protein Hgl1 (12, 29, 68, 83) . The alternative MAPK Kpp6 shares partially redundant functions with Kpp2 during mating but has a highly specific function in appressoria, where it is required for penetration of the plant cuticle (12) . The phosphorylation status of Kpp2 and Kpp6 is regulated by the dual specificity phosphatase Rok1, and as a result rok1 mutants are hypervirulent (23) . The specific need for Sql2 during pathogenesis could indicate an involvement in transmission of plant-derived signals that feed into the MAPK module.
The function of the PKA target Hgl1, which is predicted to be inactivated upon phosphorylation by Adr1, becomes apparent late during the infection cycle, where it is essential for progression from hyphal fragments to mature teliospores, possibly because of low PKA activity during this stage (29) . The need for tightly controlled PKA activity also becomes apparent in ubc1 mutants lacking the inhibitory subunit of the PKA or gpa3QL mutants in which cAMP signaling is constitutive. Both mutants are able to colonize plants, but ubc1 mutants fail to induce tumors, whereas gpa3QL mutants induce tumors that do not contain teliospores but tend to develop shoot-like structures (44, 66) . Regulated PKA activity thus emerges as a critical determinant for the production and/or function of U. maydis-emitted signals leading to tumor induction and affecting tumor morphology.
The bE/bW Master Regulator for Pathogenic Development
After fusion of compatible haploid cells, an active heterodimeric bE/bW homeodomain transcription factor is generated that recognizes a sequence containing a TGA-N 9 -TGA motif (56) . The formation of this heterodimer is central for pathogenic development and cannot be bypassed by other means.
A U. maydis strain that expresses an inducible combination of bE1/bW2 genes was instrumental to obtain a comprehensive view of the genes that are regulated by the bE/bW complex and because it made it possible to obtain a time-resolved view (13) . Application of such b-inducible strains in RNA fingerprinting and Affymetrix array analyses defined a set of 347 b-regulated genes, of which 212 were upregulated, and 135 were repressed after induction of the bE/bW heterodimer (12, 13, 56) . Functional classification revealed that cellular processes such as cell wall remodeling, lipid metabolism, cell cycle control, mitosis, and DNA replication were differentially regulated by the active bE/bW heterodimer (56) . Given that promoters of the majority of these genes lack putative bE/bW binding sites, the bE/bW heterodimer must induce a transcriptional cascade. Surprisingly, only a small fraction of the bE/bW-regulated genes proved to be required for pathogenic development (13) .
A bE/bW-regulated protein with an important role during plant colonization is the zinc finger transcription factor Biz1 (37) . biz1 mutant cells are unaffected in mating and filamentation, but appressoria formation in biz1 mutants is about 10-fold reduced compared to wild type, and the few hyphae that invade the plant are found only in the epidermal layer (37) . biz1 is expressed throughout biotrophic development, and this has been interpreted to indicate that the protein could have additional functions during these stages (37) .
Another bE/bW-regulated protein is the MAPK Kpp6 (see previous section). Using a Kpp6 version that cannot be phosphorylated by the upstream MAPK, it was shown that respective mutants are able to form appressoria, but these fail to penetrate (12) . This could suggest that these mutants are defective in the production of cell-wall-degrading or cell-wallloosening enzymes.
One of the potential direct bE/bW targets is clp1 (91) . The clp1 gene product is related to Clp1 from Coprinus cinereus, where it is required for clamp cell formation (53) , structures that serve to guarantee correct nuclear distribution in the mitotically dividing dikaryotic filament. In a haploid strain of U. maydis, clp1 overexpression has no effect, but when clp1 is expressed in strains with an active bE/bW complex, filamentation is strongly attenuated. clp1 is essential for host colonization; i.e., clp1 mutants form appressoria, and these penetrate, but growth is arrested prior to the first mitotic division. The defect could be tracked to the inability of clp1 mutant strains to form clamp-like structures, resulting in disturbed nuclear distribution (91) . Based on the finding that bE and bW expression is unaffected by clp1 overexpression but a number of genes that are upregulated by the bE/bW heterodimer are repressed, Scherer et al. (91) hypothesized that Clp1 could affect the regulatory activity of the bE/bW heterodimer on the protein level. Because the bE and bW proteins are needed throughout fungal development inside the plant, this inhibition must be of a transient nature and has been speculated to operate at the level of nuclear localization of Clp1 (91) .
An additional direct target of the bE/bW heterodimer is lga2, a gene in the a2 locus. lga2 is upregulated through the pheromone cascade, and additional strong induction is conferred by the bE/bW heterodimer. The Lga2 protein localizes to mitochondria, and overexpression of lga2 (as is expected to occur in the dikaryon) interferes with cell growth, induces mitochondrial fragmentation, and lowers mitochondrial respiratory activity (10) . lga2 interferes with mitochondrial fusion (10) , and recent studies have demonstrated that Lga2, together with Rga2, another mitochondrial protein encoded by the a2 locus, directs uniparental mitochondrial inheritance and represses recombination of mitochondrial DNA during sexual development of U. maydis (36) . The other genes in the a locus, i.e., the pheromone and receptor genes, on the other hand, are downregulated by the bE/bW heterodimer (105) . This effect is likely to be indirect, as no potential binding sites for the bE/bW heterodimer could be detected in the respective promoters. Downregulation of the a mating type genes provides an explanation for the observed attenuation of mating in strains expressing an active bE/bW heterodimer (67) . These studies illustrate that the processes regulated through the bE/bW heterodimer are diverse and concern developmental steps on the leaf surface and after penetration. It is also becoming evident that the cascade that is triggered through bE/bW is not a mere transcriptional cascade but involves feedback loops operating on the posttranscriptional www.annualreviews.org • Ustilago maydis as a Pathogenlevel. A comprehensive characterization of this cascade was once thought to identify the complete pathogenicity program of U. maydis. However, it is now becoming increasingly clear that additional levels of regulation are switched on once the fungus has come into contact with the plant, and these have stimulatory or inhibitory effects on the processes regulated by the bE/bW master regulator for pathogenicity.
Morphological Transitions Are Intimately Coupled to Cell Cycle Control
During its life cycle, U. maydis undergoes a number of discrete morphological transitions whose timing and execution are decisive for pathogenic development. The most dramatic of these transitions is the switch from budding to polarized hyphal growth that is initiated after perception of pheromones and continues after cell fusion through much of the disease cycle. Polarized growth of hyphae requires both microtubules and F-actin. As a consequence, pharmacological disruption of actin cables or microtubules leads to defects in conjugation hyphae, cell fusion, and development of dikaryotic hyphae. This is supported by the finding that Myo5, a class V myosin predicted to transport membranous vesicles along F-actin filaments, is required for hyphal growth as well as pathogenicity. Microtubules, on the other hand, are specifically required for long-distance transport in all U. maydis hyphae that extend beyond 50-60 μm, and this is reflected by the need of kinesin-1 and kinesin-3 motors (98) .
To set up a new morphogenetic program like the switch from budding to filamentous growth requires the cell cycle to pause. The finding that overexpression of the G1 cyclin cln1 blocks sexual development but that its absence enables cells to express mating type genes has led to the proposition that an active cell cycle represses mating, whereas the induction of mating arrests the cell cycle; i.e., these choices become incompatible (17) . Under poor nutrient conditions (as are expected to occur on the leaf surface) both mitotic cyclin genes of U. maydis are downregulated, and this was shown to stimulate prf expression and facilitates entry into the mating program (17) . Upon pheromone perception, the haploid cells arrest budding growth in the G2 phase (39) and start formation of conjugation tubes (96) . Conjugation tubes are filled with cytoplasm, fuse at their tips, and establish the dikaryotic hyphae. These hyphae can be up to 20 times the length of haploid cells and develop the characteristics of hyphae seen on the plant surface, that is, they show tip growth, the cytoplasm accumulates in the tip cell compartment, and the older parts of these hyphae appear highly vacuolated and are sealed off by regularly spaced septae (38, 93) .
After cell fusion the cell cycle arrest is maintained, at least partially through the action of Biz1, one of the bE/bW-induced transcription factors. Biz1 is required for appressorium formation and proliferation inside the host plant (37) . Biz1 represses the expression of the cyclin clb1, resulting in G2-arrest (37) . Based on these observations, it was suggested that the Biz1-induced cell cycle arrest is important though probably not sufficient for appressorium formation (37) . The fact that biz1 is highly expressed during the entire infection process might indicate that U. maydis cells growing within the plant tissue continuously need to go through cell cycle arrest stages. We consider it an attractive possibility that this may turn out to be particularly important during intracellular growth when cells traverse from one cell to the next. This process is very similar to the penetration step of the epidermis (25) and may need a cell cycle-arrested hyphae to reform appressorialike structures.
However, the open question is how the cell cycle arrest is (intermittently) released during biotrophic development. It is evident that the hyphae penetrating the epidermis are still cell cycle arrested, as they show the typical empty sections also seen in the dikaryotic filaments growing on the leaf surface (94) . We consider it feasible that Clp1, the protein needed for clamp formation, assumes this role: clp1 mutants are unable to release the bE/bW-triggered cell cycle arrest, and the forced expression of clp1 in strains where filamentation is induced by an active bE/bW heterodimer suppresses filamentation, that is, the cell cycle block (91) . Currently, it is not clear how this presumed cycling could be regulated, but we would like to speculate that the timing may be set by the appressorium-like structures that allow hyphae to spread from one cell to the next. Later, when the hyphae grow in the apoplast, branch, form lobed structures and proliferate massively, fragment, and produce rounded spores, there must be additional regulators that control these morphogenetic events. Their identity is currently unknown, and without availability of a system where these events can be triggered in axenic culture, it will be difficult to identify the genes involved. The tight link between cell cycle and pathogenic differentiation makes it mandatory to study in detail the mechanisms that regulate the cell cycle during the biotrophic phase.
Sensing the Plant Surface Involves Chemical and Physical Cues
The plant cuticle is composed of two layers, an inner layer consisting of intracuticular waxes associated with a polyester matrix of cutin and a continuous surface layer of epicuticular wax without cutin (32, 65) . Cutin consists of a network of interesterified hydroxyl and epoxy derivatives of C 16 and C 18 fatty acids (89) . Plant surfaces thus provide a reservoir of chemical and physical cues, of which epicuticular waxes and cutin monomers, as well as topography, hardness, and hydrophobicity, have been shown to trigger morphogenetic events in phytopathogenic fungi (101) . On the leaf surface, compatible haploid strains of U. maydis mate and then switch to filamentous growth, whereas solopathogenic haploid strains switch to filamentous growth without prior mating.
Following hyphal tip swelling, nonmelanized appressoria are formed that directly penetrate the epidermis, most likely aided by cell wall-degrading enzymes (92, 94) . Recently, a marker gene that is specifically expressed in the tip cell of those hyphae that have formed an appressorium has been identified, and after fusion to green fluorescent protein (GFP), this allowed simple scoring of appressorium formation (79) . With the help of this marker, it was demonstrated that hydrophobicity is an essential signal for appressoria development (79) . Hydroxy-fatty acids, like cutin monomers from maize leaves, enhance appressorium development on hydrophobic surfaces (79) . These morphogenetic events require an active bE/bW transcription factor, suggesting that the program that is induced by these cues from the plant surface relies on the program that is triggered by bE/bW. Hydroxy-fatty acids induce short and nonseptated filaments resembling conjugation tubes, whereas a hydrophobic surface induces long and septated filaments that look like the filaments observed on the plant surface (79, 94) . In haploid cells hydroxy-fatty acids induce pheromone gene transcription but not conjugation tube formation (79) . It is currently unknown how the hydroxy-fatty acid signal is perceived and transmitted to induce the pheromone genes. Also, in solopathogenic haploid strains where the pheromone genes are repressed by the bE/bW heterodimer, the hydroxy-fatty acid signal elevates pheromone gene expression. The following increase in autocrine pheromone stimulation is responsible for the observed morphological response (79) .
The effect of hydroxy-fatty acids on U. maydis development depends on the phosphorylation of Kpp2. The genetic activation of kpp2 bypasses the need of hydroxy-fatty acids for appressorium formation but is not able to bypass the need for the hydrophobic stimulus (79) . The hydroxy-fatty acid signal is also dispensable when rok1, which negatively modulates the phosphorylation status of Kpp2, is deleted (Figure 2b; 23) . Kpp2 activity is also essential for hydrophobicity-induced filamentation, but so far it is unknown how hydrophobicity is perceived. Pth11, a nine-transmembrane protein in Magnaporthe grisea has been suggested as a putative surface-sensing protein, and pth11 mutants are impaired in their response to both hydrophobicity and cutin monomers (22) . However, U. maydis lacks an obvious ortholog to this protein. Because in U. maydis hydroxy-fatty acids and hydrophobicity are both needed for the efficient induction of appressoria, a certain threshold activation of the underlying MAPK signaling pathway might be needed that would require combination of both signals (79) . On the leaf surface, U. maydis differentiation could then proceed in two stages. After cell fusion, filamentation could be initially induced through the hydrophobic surface. The filament might then secrete cutin degrading enzymes that liberate cutin monomers. This would amplify the filamentation response and at the same time induce appressoria. Based on the finding that lipids induce a filamentous phenotype that resembles the infectious cell type, lipids are also proposed to act as one of the signals that promotes and maintains filamentous growth of U. maydis in the host environment (62) .
Identification of cutin monomers and hydrophobicity as in vitro cues for filamentation and appressoria development in U. maydis now opens the possibility to analyze how these signals are perceived and how they trigger differentiation and function of nonmelanized appressoria.
U. maydis Infection Induces Distinct Plant Responses and Suppresses Induction of Programmed Cell Death
As a biotrophic pathogen, U. maydis depends on survival of colonized host cells. Nevertheless, one does observe early symptoms that become macroscopically visible 12-24 h after inoculation and include chlorosis and small necrotic spots at the sites of infection. In some cases these symptoms are likely to result from unsuccessful penetration events, but in addition, the plant appears to recognize U. maydis hyphae during intracellular development in the epidermal layer and during cell-to-cell movement. Usually, the colonized plant cells stay alive, whereas plant cells containing older hyphae that lack cytoplasm undergo cell death (26, 27) . At later stages, U. maydis-induced tumors are formed by enlargement and proliferation of plant cells. Large fungal aggregates form in tumors, and this occurs without the elicitation of programmed cell death in the surrounding plant tissue (27) . Induction of tumor growth is also accompanied by accumulation of anthocyanins, resulting in a red pigmentation of infected tissue. The transcriptional responses of maize plants were initially studied by differential display and subsequently at distinct stages after infection with a solopathogenic U. maydis strain by using the Affymetrix microarray system (4, 26) . This latter approach shows an initial recognition of the fungus on the leaf surface that elicits strong, rather unspecific plant defense responses (Figure 1a; 26) .
The early transient upregulation of plant defense genes suggests that the plant recognizes U. maydis via conserved pathogen-associated molecular patterns (PAMPs). Recently, it has been shown that specific PAMP receptors are transcriptionally upregulated after elicitation (113, 114) . Similarly, during the early phase of U. maydis infection, upregulation of two putative membrane-bound leucine-rich repeat (LRR) receptor-like kinases is observed. Moreover, a somatic embryogenesis receptor (SER)-like kinase is induced that belongs to a group including BAK1, which has recently been shown to act as a positive regulator of infection-induced cell death signaling (18, 61) . These observations suggest that PAMP-induced signaling is activated prior to and during the penetration phase of U. maydis. With establishment of the biotrophic interaction 24 h after infection, these initial responses are attenuated (Figure 1b; 26) . In parallel, induction of genes coding for cell death suppressors such as Bax-Inhibitor-1 (31) and the repression of caspases is observed (26) . This is likely to reflect the suppression of programmed cell death by U. maydis once the biotrophic interface has been established.
Reactive oxygen species (ROS) that are formed in response to fungal pathogens are important regulators of cell death (109) . Necrotrophic pathogens such as Botrytis cinerea massively induce the production of H 2 O 2 and superoxide radicals, which leads to runaway cell death in the infected tissue (45) . It is obvious that massive accumulations of ROS must be prevented in a biotrophic interaction. For U. maydis it has been shown that the fungus actively needs to detoxify H 2 O 2 to be fully virulent, and this occurs through a system related to the Saccharomyces cerevisiae Yap1p regulator (80) . U. maydis yap1 mutants show higher sensitivity to H 2 O 2 than wild-type cells and display reduced proliferation in the infected tissue (80) . Around intracellularly growing yap1 mutant hyphae, H 2 O 2 accumulates, which is never seen around infecting wild-type hyphae. Because U. maydis does not code for NADPH oxidase genes, pharmacological inhibition of NADPH oxidase could be used to specifically target plant enzymes in infected tissue. Such conditions largely restore virulence of yap1 deletion strains (80) . This illustrates that virulence of U. maydis depends on its ability to detoxify ROS.
A number of plant proteins such as glutathione S-transferases (GSTs) are associated with scavenging of oxygen radicals after pathogen attack (75) . Just 12 h after infection with U. maydis, seven genes coding for maize GSTs are transcriptionally induced. Moreover, Tau-class GSTs, which have been shown to suppress Bax-mediated cell death induction (60) , are strongly induced 24 h postinfection when biotrophy is established (26) . The total content of glutathione is also increased throughout U. maydis infection. This likely reflects the requirement for a higher antioxidative capacity in colonized tissue (26) , which may aid in prevention of cell death.
Progression of U. maydis infection is accompanied by distinct transcriptional changes of plant hormone signaling genes. Whereas necrotrophic pathogens induce salicylic acid (SA)-dependent cell death responses including expression of defense-related genes such as PR1 (106) , biotrophic pathogens induce primarily JA and ethylene responses during compatible interactions (42) . These responses are associated with an induction of tryptophan biosynthesis, the accumulation of secondary metabolites, and the induction of plant genes encoding defensins (14, 42, 108) . In line with this, PR1 expression was undetectable during the early biotrophic phase of U. maydis infection, whereas activation of typical JAresponsive defense genes such as defensins and Bowman-Birk-like proteinase inhibitors was observed (Figure 1c,d; 26) .
At later stages, when tumors are formed, both auxin synthesis and auxin-responsive genes are induced (Figure 1d,e; 26 ). This suggests a role of plant-derived auxin in cell enlargement during tumor formation. Because auxin signaling was shown to be antagonistic to SA signaling in Arabidopsis thaliana (107) , auxin could contribute to the suppression of SA signaling and thereby promote fungal growth and host susceptibility to U. maydis. The observation that U. maydis-induced plant tumors contain up to 20-fold higher auxin levels than noninfected tissue was made almost 50 years ago (102) . U. maydis can produce auxin, and in the meantime the underlying biosynthetic pathways for auxin have been identified (90) . The starting point of auxin biosynthesis is tryptophan, which can be deaminated to indole-3-pyruvate (IP) by the enzymes tam1 and tam2. This is followed by the decarboxylation to indole-3-acetaldehyde, which is then converted to indole-acetic acid (IAA) by two indole-3-acetaldehyde dehydrogenases Iad1 and Iad2. U. maydis strains in which tam1, tam2, iad1, and iad2 are simultaneously deleted are not compromised in tumor formation, but these tumors contain significantly lower levels of free IAA compared to tumors induced by wild-type strains (90) . This rules out involvement of U. maydis-produced auxin in tumor formation. However, the possibility remains that elevated auxin biosynthesis, as was observed in U. maydis-infected maize plants (26) , stimulates tumor development through host cell enlargement.
Together, these observations suggest that U. maydis is initially recognized by the plant innate immune system and induces a nonspecific, PAMP-triggered response. Once U. maydis has entered the host tissue, a biotrophic interface is established in which these defense responses and, in particular, programmed cell death are suppressed.
Resistance to U. maydis Infection Is a Polygenic Trait
In the U. maydis-maize system, gene-for-gene interactions have not been identified, although they provide durable resistance in other smut pathosystems. For example, in the 14 races of Ustilago hordei, six avirulence genes have been identified that have corresponding resistance genes in barley cultivars (99) . In current work these avirulence genes have been mapped, and their molecular characterization is under way (70) . U. maydis resistance in maize, on the other hand, is a polygenic trait, and specific loci may contribute to resistance in either the ear or the tassel (8) . In the most recent study using two recombinant inbred populations, three quantitative trait loci (QTL) mapping to similar regions in both populations have been identified that contribute to the frequency and severity of U. maydis infection over the entire plant (8) .
Depending on the population, several QTLs contribute to the frequency or severity of infection in only the tassel, the stalk, or the ear tissue (8) . Currently, it is not clear whether the tissue-specific resistance provided by these QTLs is direct or operates through secondary traits such as husk cover, surface properties, or flowering time that could limit access of the fungus to specific plant organs. Interestingly, several of the QTL regions defined in the study by Baumgarten et al. (8) contain genes with a known role in pathogen resistance such as nucleotide-binding site (NBS)-LRR resistance gene homologs, a pathogenesis-related protein, a chitinase, a basal antifungal protein, and a wound-inducible protein. Future studies will show whether these genes contribute to the activity of a given QTL. It will also be of interest to elucidate whether U. maydis mutants that lack specific effectors (see below) show a differential response on the respective inbred lines, as this could indicate that certain QTL gene products might be targeted by the respective effectors. Another interesting area of investigation would be to assess whether the QTLs mapped for U. maydis resistance also provide resistance to Sporisorium reilianum, the cause of head smut in corn, a disease with the more typical smut symptoms occurring only in the inflorescences.
Secreted Effectors Counteract Plant Defenses
To establish compatibility, biotrophic pathogens need to overcome the basal, PAMPtriggered plant defense mechanisms (54) . To counteract defense responses, microbial pathogens secrete a variety of proteins, socalled effectors, that interfere with plant defenses and thereby trigger susceptibility (54) . Effector proteins show a high structural and functional variety and are often completely novel proteins that lack conserved functional domains. To establish and maintain biotrophy, effectors have to interfere with various processes in the host tissue such as primary (and secondary) metabolic pathways, cell-death regulation, hormone signaling and/or cell growth (43) . To cope with plant defense responses, fungal pathogens have developed several strategies: (a) They can modify their cell wall to evade host recognition, (b) they can sequester breakdown products of fungal cell walls that trigger host defenses, (c) they can counteract the activity of antimicrobial enzymes produced by the plant via apoplastic effectors, or (d ) they can interfere with plant defense responses via intracellular effectors that are translocated to plant cells (88) . For two rust fungi and Colletotrichum graminicola, it has been demonstrated that invading hyphae modify their chitin to chitosan, and this is discussed as a mechanism that could protect invading hyphae from hydrolysis by host chitinases or to avoid the generation of PAMPs that could trigger defense responses (33) . The U. maydis genome contains six putative chitin deacetylase genes, but whether these genes have the expected function has not been investigated so far, nor has it been shown whether they contribute to escape from host recognition. Recently, two proteins with a LysM domain have been identified in the U. maydis genome (20) . Both could potentially be secreted. The LysM domain is a carbohydrate-binding module that is proposed to sequester chitin oligosaccharides that could elicit host immune responses and/or protect fungal hyphae against chitinases (20) . Based on the finding that the Cladosporium fulvum LysM effector Ecp6 is a virulence factor (20) , it will be rewarding to determine whether the U. maydis LysM proteins also have a virulence function.
U. maydis encodes 386 putatively secreted proteins that are not predicted to have an enzymatic function, and of these, 272 code for either U. maydis-specific proteins or conserved proteins lacking defined InterPro domains. These secreted proteins have recently been grouped into repetitive proteins with and without internal Kex2 protease cleavage sites, cysteine-rich proteins, proteins with a presumed regulatory function, and a large group of proteins without recognizable features (81) . Only a small fraction of the corresponding genes has been characterized molecularly (Figure 1) . These include the repellent gene rep1 that encodes 11 secreted repellent peptides generated by Kex2-dependent cleavage of a precursor protein. In addition, two hydrophobin genes have been characterized. hum2 encodes a typical class I hydrophobin, whereas hum3 encodes a repeated domain likely to be processed by Kex2 fused to a hydrophobin domain (100) . In contrast to other fungi, the repellents, rather than the hydrophobins, are required for hyphal hydrophobicity, aerial hyphae formation, and attachment to hydrophobic surfaces. However, neither the deletion of rep1 nor the simultaneous deletion of hum2 or hum3 affects pathogenic development (100, 110) . This makes it unlikely that these molecules, which attach tightly to the fungal cell wall, have a protective function during pathogenesis. Interestingly, a third secreted and Kex2-processed repetitive protein, Rsp1, has a role during pathogenesis, but this becomes apparent only when hum3 is deleted simultaneously (82) . The fact that the hum2/hum3 double deletion strains are fully virulent strongly suggests that the processed peptides from Rsp1 and the repetitive domain of Hum3 have redundant functions. The rsp1/hum3 double mutants are unaffected in mating and penetration but arrest growth during early intracellular development without signs of enhanced plant defense (82) . This could indicate that the respective peptides have a signaling function. Alternatively, they might facilitate nutrient uptake by changing the interface between fungus and host membrane.
Another family of secreted effectors that were originally identified because of their enormous transcriptional upregulation in infected tissue is encoded by the mig1 and mig 2 gene clusters (Figure 1) . These clusters consist of two and six genes, respectively, that each code for small related proteins with a characteristic spacing of Cys residues reminiscent of fungal Avr gene products from Cladosporium fulvum (5, 6, 21, 35) . However, under the tested conditions neither the mig1 nor the mig2 genes are required for pathogenic development. This could suggest additional redundancy with other cysteine-rich effectors. Alternatively the mig gene products might indeed confer avirulence on some hosts which carry the cognate resistance gene(s). In order to identify such host varieties, one might screen different accessions of teosinte, the closest wild relative to maize (24) , which is the only additional host for U. maydis (19) .
U. maydis was the first eukaryotic pathogen in which it was discovered that novel effectors with relevant functions for pathogenic development are situated in gene clusters that are transcriptionally upregulated in tumor tissue (59) . Twelve such gene clusters were identified, which all code for novel secreted proteins, and in several instances these belong to small gene families. Four of the cluster deletion mutants are significantly attenuated in virulence and show defects at different stages of pathogenic development. Remarkably, deletion of one cluster results in increased virulence (59) . The existence of secreted effectors negatively affecting virulence indicates that U. maydis does not use its full virulence potential, presumably because this might result in host death prior to completion of the life cycle and spore formation. One cluster encoding 24 secreted effectors is www.annualreviews.org • Ustilago maydis as a Pathogenof particular interest with respect to tumor development, as mutants still proliferate in the infected tissue but fail to induce tumors (59) . Currently, it is not clear which or how many effectors from a given cluster are responsible for the observed phenotypes or with which processes they interfere. Nevertheless, because individual cluster mutants are affected at discrete steps of biotrophic development (Figure 1) , the responsible effectors must have distinct cellular targets. To elucidate their functions, the subcellular localization of the respective proteins needs to be determined, in particular whether they act in the apoplast and biotrophic interface or after being translocated into plant cells. Furthermore, we expect that identification of host proteins interacting with secreted effectors will provide the crucial leads to effector function.
In addition to these gene clusters, a novel secreted effector has recently been shown to be essential for establishment of the biotrophic interaction of U. maydis with maize plants. This protein, termed Pep1, is dispensable for saprophytic growth of U. maydis, but deletion mutants are completely blocked in biotrophic development (25) . Confocal microscopy showed that pep1 mutants are able to penetrate the plant cell wall, but subsequent invasion of the host cell stops immediately after invagination of the plant plasma membrane. At the same time, the mutant induces strong plant defense responses including programmed cell death of attacked epidermis cells. Fluorescently tagged versions and immunolocalization show that Pep1 protein is secreted from intracellular hyphae into the biotrophic interface, and particularly strong accumulations are seen when hyphae invade other cells. The molecular function of Pep1 is presently unclear. Because a Pep1 ortholog of the barley-covered smut fungus U. hordei is able to complement U. maydis pep1 deletion mutants and because U. hordei pep1 deletion strains arrest at a similar stage as corresponding U. maydis mutants, it has been proposed that Pep1 proteins are essential compatibility factors in smut fungi (25) .
Extracellular Enzymes and Nutrition in the Host Environment
Genome comparisons between the necrotrophic fungi Magnaporthe grisea and Fusarium graminearum with the biotroph U. maydis revealed a relatively small number (33 versus 138 and 103) of hydrolytic secreted enzymes (59, 81) . This is in line with the biotrophic lifestyle of U. maydis, in which extensive tissue damage that could result in the production of cell-wall degradation products that may trigger host defense responses (28) is avoided. The genes for cell-wall-degrading enzymes follow distinct expression profiles at early and late stages of tumor development (27) , but so far no systematic analysis of mutants has been performed. For the set of three genes coding for pectinolytic enzymes, deletion mutants exist, but neither single nor triple mutants show defects in pathogenic development (27) . Based on these studies, it has been speculated that U. maydis uses its set of plant-cell-wall-degrading enzymes largely for softening the plant-cell-wall structure as a prerequisite for in planta growth rather than for feeding on carbohydrates derived from the digestion of plant-cell-wall material (27) . For none of the other secreted enzyme families, that is, the 23 proteases or the 11 lipases (81), has an attempt been made to generate mutants, as the fear has been that owing to functional redundancy no phenotype would be observed. With the establishment of the FLP-FRT recombination system for U. maydis (Y. Khrunyk and R. Kahmann, unpublished) such experiments may be feasible in the near future.
As part of the establishment of the biotrophic lifestyle, U. maydis must enter a competition with his host for carbohydrates and trace elements. So far only the aspect of iron acquisition by U. maydis has been studied in detail.
The essential trace element iron is taken up by two high-affinity iron uptake systems in U. maydis. One system is permease based; the other relies on the secreted hydroxamate siderophores ferrichrome and ferrichrome A (16, 30) . Both siderophores are cyclic peptides produced by nonribosomal peptide synthases. The genes necessary for the synthesis of siderophores and for the permease-based high-affinity iron uptake are organized in three clusters that are under negative control by the iron-responsive GATA transcription factor Urbs1 (30, 69) . Under low-iron conditions the biosynthesis genes are induced and siderophores are secreted. The siderophore system is not required for virulence (77) , but strains with deletions in the permease-based high-affinity iron uptake system show a drastic virulence reduction (30) . Recent data suggest that the siderophore system is essential for iron storage in U. maydis spores and is upregulated transcriptionally during spore formation (B. Winterberg, R. Kahmann, and J. Schirawski, personal communication).
Transcript profiling of infected and uninfected maize leaves at different stages of development provided significant new insights into the influence of U. maydis infection on metabolic regulation and carbon fluxes. During development, maize leaves undergo a transition from a sink to a source tissue. When leaves emerge from the stem and the blade unrolls, it becomes exposed to light, which induces massive transcriptional changes in the developing leaf tissue. Major aspects of these developmental changes are the activation of the photosynthetic apparatus, RNA synthesis, and sucrose as well as starch synthesis (26) . On the metabolic level, a significant decrease of free hexoses can be observed during leaf development, which is indicative of photosynthetic active source tissue (50) . These transitions during normal leaf development are massively changed in U. maydis-infected tissue. Transcriptional activation of genes involved in photosynthesis is almost completely blocked, and the switch from C 3 to C 4 metabolism that is observed during development of noninfected maize leaves does not occur (26, 50) . At the same time, genes involved in sucrose degradation, glycolysis, and the tricarboxylic acid cycle are strongly induced in infected tissue, whereas sucrose synthesis genes are downregulated. In line with this, the content of free hexoses remains at the high level characteristic for immature sink leaves. These observations indicate that sucrose is imported from uninfected tissue to the developing U. maydis tumors. Tumors thus represent an artificial sink organ supporting fungal growth by providing plant-derived hexoses (26) .
For acquisition of these carbon sources, U. maydis is equipped with 19 potential hexose transporters. Of these, one general hexose transporter and one novel transporter for sucrose were recently shown to be required for full virulence (R. Wahl, K. Wippel, J. Kämper and N. Sauer, personal communication). This is an exciting discovery, as it links the physiological status of the infected tissue to the carbon sources preferred by U. maydis during biotrophic growth.
Comparative Genomics: From Sequence Information to Biological Insights?
Comparative genomics of the few sequenced basidiomycetes, U. maydis, Laccaria bicolor, Cryptococcus neoformans, Phanerochaete chrysosporium, and Malazezzia globosa, reveal dramatic differences in genome size. Whereas the ectomycorrhizal symbiont L. bicolor (65 Mb; 20, 614 predicted genes) to date carries the largest sequenced fungal genome, the skin-inhabiting fungus M. globosa contains only 4285 predicted genes in an assembled genome sequence of about 9 Mb, which is among the smallest for sequenced free-living fungi (72, 111) . U. maydis (20.5 Mb; 6785 predicted genes) and the opportunistic human pathogen C. neoformans (20 Mb; 6574 predicted genes) have similar size genomes and gene numbers, whereas the white rot fungus P. chrysosporium has an intermediate genome size of 30 Mb (11,777 predicted protein-encoding genes) (52, 59, 71, 73) .
In addition to these significant differences in size, the sequenced genomes show tremendous variation in structure, that is, with respect to the abundance of introns and repetitive transposon-derived sequences. Furthermore, comparison of these genomes reveals a www.annualreviews.org • Ustilago maydis as a Pathogenremarkable absence of synteny. Even M. globosa and U. maydis, where 82% of the predicted M. globosa proteins show significant sequence conservation to U. maydis proteins (52% average amino acid identity), show strikingly little synteny. In addition, the clusters of secreted effector genes, which are crucial determinants for the biotrophic lifestyle in U. maydis, do not exist in the M. globosa genome (111) . Gene inventories in the sequenced basidiomycetes strongly reflect their specialized environmental niches. The Malassezia species that live in close association with human and animal skin lack a functional fatty acid synthase gene and satisfy their need for fatty acids from external sources by an expanded set of secreted lipases, phospholipases, and acid sphingomyelinases (111) . The saprophytic, wood-degrading basidiomycete P. chrysosporium, on the other hand, encodes large number of secreted oxidases, peroxidases, and hydrolytic enzymes that cooperate in lignin degradation (73) . The genome sequence of the ectomycorrhizal fungus L. bicolor, a biotrophic symbiont of trees, shows striking expansions in genes, which are predicted to play roles in signal transduction (72) . This might reflect an intimate cross talk between symbiont and host as well as the need to coordinate the complex differentiation processes during the development of multicellular fruiting bodies. Interestingly, the L. bicolor gene inventory revealed some similarities to the biotrophic pathogen U. maydis, that is, a restricted number of enzymes for the degradation of plant-cell-wall polysaccharides (59, 72) and an array of small secreted effectortype proteins with unknown functions that are specifically expressed in symbiotic tissue (72) . Analogous to the role of the U. maydis gene clusters encoding secreted effectors (see previous section; 59), this set of mycorrhizal proteins might play decisive roles in the establishment and subsequent beneficial colonization of the host. However, most (82%) of these 2931 predicted secreted proteins from L. bicolor are exclusively found in this fungus (72) .
It is tempting to speculate that the speciesspecific effector sets may manipulate leaf and flower tissue for parasitic colonization by U. maydis and facilitate the ectomycorrhizal symbiosis with roots by L. bicolor, respectively. These comparisons illustrate that with respect to pathogenicity, relatively little can be gained from a comparison of fungal genomes that are all classified as basidiomycetes but inhabit very different ecological niches. A much more promising approach that has been pioneered in oomycete pathogens is genome comparisons of closely related species: Many of the oomycete genomes are syntenic (104), but effector gene families, despite their common evolutionary origin, are highly diverse and are evolving rapidly, presumably owing to coevolutionary pressure from the host species (103) . We have recently sequenced the genome of the head smut fungus S. reilianum, a close relative of U. maydis, which also infects maize but elicits distinct disease symptoms only in the flower tissue. The S. reilianum genome shows a very high level of synteny to the U. maydis genome. Interestingly, many of the effector genes identified in the U. maydis genome are also found in S. reilianum, but they display low sequence conservation and often differ in copy number. In addition, a number of species-specific genes encoding effectors were found ( J. Schirawski and R. Kahmann, unpublished) . This serves as an important guide for experimental approaches (i.e., for prioritizing which genes to delete), will permit study of the relevance of speciesspecific constriction and expansions of effector gene families, and might help map functionally relevant protein domains.
CONCLUSIONS
The studies of U. maydis as a pathogen have achieved a new level of understanding that goes far beyond what has started it all, that is, the characterization of the mating-type loci and how they control morphogenesis and pathogenic development. We are now in a situation where the processes that are controlled by the central regulator for pathogenicity, the bE/bW complex, are studied on the genomewide level and where plant inputs into these processes can be analyzed. The same holds for the fungal signaling pathways that were initially studied because of their role during mating, and it is now clear that they assume new roles during virulence. The connection between morphological transitions and the cell cycle has been established, and from this insights into the elaborate control of cell cycle progression during fungal in planta development are emerging. The cues that trigger U. maydis differentiation on the leaf surface up to the formation of appressoria have been uncovered, and this should pave the way for elucidating how these signals are perceived. Access to the genome sequence has provided unprecedented insights into how U. maydis, with the help of novel secreted effector proteins, adapts to growth and development in the plant environment and establishes a biotrophic relationship with its host plant. One of the so far unique features of U. maydis is that mutants in single effector genes or effector gene clusters have rather dramatic effects on biotrophic development. Such a low degree of genetic redundancy is in stark contrast to oomycetes, where it seems likely that large numbers of effector genes with similar functions exist (103) . Given the low level of genetic redundancy in the effector repertoire of U. maydis and given the ease with which gene replacement mutants can be generated, a systematic effector gene knockout strategy promises insights into all aspects and steps of biotrophic development that are modulated by effectors. The genome-wide analysis of plant responses to infection by U. maydis has uncovered several key processes that are changed, that is, defense responses, cell death suppression, phytohormone signaling, and photosynthesis. The challenge ahead will be to connect these processes with specific effectors and to elucidate which of these processes are necessary for the establishment of a compatible relationship between U. maydis and maize plants.
SUMMARY POINTS
1. U. maydis continues to serve as an instructive model for biotrophic fungal plant pathogens.
2. Studies of the U. maydis mating program, morphological transitions, cell cycle, regulatory cascades, signal transduction pathways, and nutrition during the biotrophic phase are leading to an integrated view of the fungal processes that need to be adjusted for growth and differentiation in the plant environment.
3. Plant responses to infection by U. maydis are providing leads to those processes in the plant that need to be reprogrammed for compatibility.
4. U. maydis uses a multilayered system to deal with plant responses that relies on the detoxification of ROS as well as on secreted effectors.
5. The growing repertoire of secreted U. maydis effectors with crucial roles during different stages of pathogenic development provides insights into the different levels of fungal communication with the host plant.
FUTURE ISSUES
1. The established framework for the signaling pathways that are relevant for disease should allow determination of how the outputs of these pathways are modulated by plant signals.
2. Based on the success of mutant complementation in U. maydis by genes from more distantly related biotrophic pathogens such as rust fungi (51), it should be possible to determine whether effectors from such obligate biotrophs can complement the phenotype of U. maydis effector mutants.
www.annualreviews.org • Ustilago maydis as a Pathogen3. With respect to the effectors of U. maydis, one of the big challenges will be to determine where they function, that is, whether they reside in the apoplast or are taken up by plant cells, which processes they control in the host plant, and which of these processes are relevant for disease progression.
4. It is presently an open question whether it will be possible to study effectors from smut fungi that parasitize on grasses in A. thaliana, where a wealth of mutants and tools would be available to speed up functional analyses. Therefore, the accessibility of hosts such as maize for reverse genetics needs major improvement, and efficient transient gene silencing systems need to be established.
5. The manually annotated genome sequence of U. maydis is expected to serve as a scaffold for the assembly of the genomes of closely related pathogens that can now be costeffectively sequenced by 454-technology. By extending comparative approaches to closely related smuts that parasitize on different hosts, we expect to obtain insights not only into the repertoire of critical determinants for disease and their evolution but also into host range.
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